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Abstract  
In this status report we want to provide a comprehensive overview of the current status and promising technologies of CO2 
capture by means of a literature review, in-house knowledge and interviews. We describe the technology, bottlenecks towards 
implementation and potential use. The results will be used to provide input to the computer model that calculates emissions and 
economics for multiple sources and sinks CCS systems; part of the EU-financed GeoCapacity project. 
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1. Introduction 
The IPCC Special Report on Carbon Dioxide Capture and Storage [1] presents a detailed and wide-ranging 
overview of CO2 capture technologies. However, since 2005 quite a lot has happened within the field. Here we 
present an overview of important recent developments and integrate that with existing knowledge to provide a 
current understanding of capture technologies. Chapter 2 discusses the current status of different capture 
technologies, while chapter 3 is focused on ongoing research and promising technologies. This paper is based on a 
more elaborate status report prepared for the EU GeoCapacity project, which served as input to the DSS computer 
model that calculates emissions and economics for multiple sources and sinks CCS systems.  
2. Current status of CO2 capture technologies 
Even though quite some research has been conducted within the field of CO2 capture, it still holds that capture 
installations require both significant additional equipment and a significantly increased input of energy compared to 
non-abated installations [2]. This results in high costs. Currently, capture of CO2 is generally estimated to represent 
70-80% of the total costs of a carbon capture, transport, and storage system ([3], [4]).  
 
Most current capture technologies rely on proven small-scale separation techniques, for instance from natural gas 
processing or ammonia production facilities. Scaling-up and integration of these processes is often accompanied by 
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operational issues and cost increases. Improvements to existing CO2 capture processes, therefore, as well as the 
development of alternative capture technologies, are important in reducing the costs for carbon capture (see chapter 
3). The main capture technologies can be divided into three categories: post-combustion, pre-combustion and oxy-
fuel combustion. In the following sections we will discuss the current status of these technologies.  
2.1. Post-combustion 
The principle of post-combustion capture is separation of CO2 from flue gases. In a typical coal-fired power 
generation system, fuel is burned with air in a boiler to produce steam; the steam drives a turbine to generate 
electricity. The boiler exhaust, or flue gas, consists mainly of N2 and CO2. Specifically for coal-fired power plants, 
post-combustion capture is viewed as the best available technology, despite the fact that it has not been fully 
demonstrated in large power plants [4]. At present, the lead contending technology is based on solvent scrubbing 
using amine solvents (mainly monoethanolamine (MEA) or a solvent based on sterically hindered amines (KS-1)). 
 
Solvent scrubbing involves the use of a chemical solvent which reacts with the CO2 in the flue gas and is 
regenerated at higher temperature, producing a purified CO2 stream suitable for compression and storage [2]. The 
heat requirement for the current regeneration of solvents is high (between approximately 3.0 MJ/kgCO2 for recent 
initiatives [5] and 4.2 MJ/kgCO2 for conventional Econamine FG process using MEA as solvent [6]) and has a 
major impact on the overall efficiency of the power plant.  
 
Advantages of amine scrubbing for post-combustion capture are that it can be retrofitted to existing power plants 
and industries in suitable locations, and it has been commercially proven on a small scale. Furthermore, MEA is 
suitable for low CO2 partial pressures as can occur in flue gas.  
 
Separating CO2 from this flue gas stream is challenging for several reasons: CO2 is present at dilute 
concentrations (13-15vol% in coal-fired systems, 7-8vol% in gas-fired boilers, and 2-4vol% in gas-fired turbines) 
and at low pressure (±1 bar), which dictates that a high volume of gas be treated. Also, a large scrubbing plant is 
required to reduce acid gas (NO2 and SO2) concentrations [2]. Trace impurities in the flue gas can degrade solvents 
[7] and the degradation products are often linked to corrosion problems. Furthermore, if the views of Ducroux & 
Jean-Baptiste [8] that only limited evolution is expected in solvent development are correct, then CO2 capture by 
solvents may soon be superseded by other processes [4], see 3.1. Although solvent scrubbing is an existing 
technology, there has been limited large-scale operating experience; ten-times scaling-up is required. At present, the 
largest operating unit has a capacity of 800 tonne CO2 per day (IMC Global Inc. in Trona, California, USA ([9], 
[10]), while a 500 MWe pulverized coal (PC) power plant produces circa 8000 tonne CO2/day [11].  
2.2. Pre-combustion 
Pre-combustion systems process the primary fuel in a reactor to produce separate streams of CO2, and H2 which 
is used as fuel [1]. Pre-combustion is very relevant for IGCC power plants. Integrated gasifier combined cycle 
(IGCC) is an emerging technology for coal power, offering the potential for higher efficiency and reduced costs for 
pollutant emissions control.  
 
In a pre-combustion system, a primary fuel is reacted with either steam or oxygen to chemically decompose the 
fuel and produce synthesis gas (syngas: H2, CO2, trace). The syngas is then processed in a water-gas-shift (WGS) 
reactor, which converts the CO to CO2 and increases the CO2 and H2 mole concentrations to approximately 40% and 
55% respectively. At this point, the CO2 has a high partial pressure (and high chemical potential), which improves 
the driving force for separation. CO2 can now be removed, usually by a physical or physical/chemical absorption 
process (current state-of-the-art being a physical glycol-based solvent like Selexol, or methanol-based Rectisol). 
After CO2 removal, the H2-rich syngas can be purified and converted to electrical or thermal power. One application 
is to use H2 as fuel in a combustion turbine to generate electricity. Another application, currently being developed, is 
to use the hydrogen to power fuel cells with the intent of significantly raising overall plant efficiency. In the future, 
H2 could also be used as transportation fuel (see [12] for H2 and electricity co-production).  
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One advantage of pre-combustion technology is that it is a proven industrial-scale technology, for instance in  
refineries, but it needs three times scale-up for power plants. Another advantage is that it can generate CO2 under 
pressure thus less energy is required for compression. It is furthermore applicable to natural gas and to coal-fired 
combined cycles, and it may produce H2 next to electricity.  
 
A disadvantage of pre-combustion capture is that it requires an (extended) chemical plant in front of the turbine. 
Complicated chemical processes may cause extra shut-downs of the plant, which may result in a lower power 
output. Other disadvantages are that for non-gaseous feedstocks, the gas stream must generally be cleaned [2], and 
possible high NOx emissions (when air-firing) might require expensive scrubbing and/or a low-NOx burner. Because 
CO2 is present at much higher concentrations in syngas than in post-combustion flue gas, CO2 capture should be less 
expensive for pre-combustion capture than for post-combustion capture. Currently, however, there are few 
gasification plants in full-scale operation and capital costs are higher than for PC plants. 
2.3. Oxy-fuel combustion 
Oxy-fuel combustion uses oxygen instead of air for fuel combustion, producing a flue gas that is mainly H2O and 
CO2 and which is readily captured [1].  
 
Reaction of the fuel with O2 produces a high temperature product gas which contains CO2, H2O plus any oxidized 
components (e.g. SO2/SO3) and possibly N2 and Ar due to oxygen impurities or air leaks. Some flue gas is recycled 
to the burner to make sure that the combustion temperature can be moderated and that there is sufficient gas to 
maintain the temperature and heat flux profiles in the boiler [13]. The remaining flue gas is cooled to remove water, 
compressed, followed by separation of non-condensable gases (Ar, O2 and N2) from CO2 [11]. The CO2 content of 
the dry flue gas varies from 70% to above 95% depending on the fuel, the process used, the air in-leakage, the O2 
purity and the excess O2 [14].  
 
A 2000 MW PC oxy-fuel power station with all CO2 delivered at high pressure to a pipeline would require about 
40,000 tonne of O2 per day at 1.5 bar to 2 bar absolute pressure and 95% purity [14]. These huge volumes of oxygen 
dwarf current installed capacity for industrial commercial uses, typically produced using cryogenic air separation 
units (ASU). Production capacity will need to be vastly increased (currently about 3,500 tonne O2/day, roughly 
enough to support a 200 MW IGCC power plant [15]), operating efficiency increased and capital costs reduced [14].  
 
Oxy-combustion offers several benefits: a 60-70% reduction in NOx emissions compared to air-fired combustion, 
mainly due to flue gas recycle, but also due to lower available nitrogen; increased mercury removal [7] and few 
other harmful emissions due to more complete combustion; oxy-combustion’s key process principles have been 
demonstrated commercially (in glass melting and the steel and aluminium industry), including air separation and 
flue gas recycle [16]; potentially less plant area, less volume, less weight and less cost than normal circulated 
fluidized bed (CFB) plants [17]; potential for 100% CO2 capture; and potential to be operated at high pressure, 
meaning less CO2 compression energy is required.  
 
The cost and energy penalty related to the production of oxygen and the need to address the requirements for the 
CO2 quality are the main concerns toward the development of oxy-combustion technology [17]. The auxiliary power 
consumption of a cryogenic air separation unit is high and has a major impact on the overall efficiency of the power 
plant. A current ASU producing 95% pure oxygen would require 200 kWh/tonne O2 [18]. Furthermore, even though 
key process principles have been demonstrated on a small-scale, there is currently only one pilot plant in operation 
(Vattenfall has a 30 MWth pilot plant in operation since mid 2008).  
3. Ongoing research and promising technologies 
There is quite some research currently taking place in the field of CO2 capture. Opportunities for significant 
capture cost reductions exist since relatively little R&D has been devoted to CO2 capture technologies [3]). R&D is 
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of vital importance since there is currently no single technology answer in mitigation of CO2 emissions [17]. In this 
section an overview is given of ongoing research and promising (breakthrough) technologies.  The chapter discusses 
subsequently post-combustion, pre-combustion and oxy-fuel combustion research.  
3.1. Post-combustion research 
Post-combustion research can be divided into short-term research (improvement of existing technologies) and 
longer term research (breakthrough technologies). These will be discussed in sections 3.1.1 and 3.1.2. 
3.1.1. Improvement of existing technologies  
Short-term research for post-combustion capture will focus on improving existing technologies (process 
simplification, process integration and solvent improvement). It is important to decrease both the current heat 
requirement and the required temperature level. According to Otter [5]: when energy requirements for post-
combustion capture decrease from 3.2 MJ/kgCO2 to 2.7 MJ/kgCO2 (by 15%), costs can be reduced from 35-45 euro 
per tonne CO2 to 25-35 euro per tonne CO2 (by 25%). Solvent improvement can be divided into three parts [4]: 
 
1. Solvent concentration: Normally, MEA solutions for acid gas absorption contain about 30wt% MEA. However, 
when you increase the amine concentration, capacity increases thus reducing the required solution circulation 
and, therefore, the plant operating cost. Simulation studies by Hendriks [19] and by Abu-Zahra and others ([20], 
[21]) showed that the thermal energy requirement decreased substantially with MEA concentration. Upon an 
increase of the MEA concentration from 30wt% to 40wt%, the thermal energy requirement decreased by 5-8%.  
 
2. Solvent degradation and corrosion: Degradation of the solvent (due to the presence of contaminants in the flue 
gas stream such as O2 and SO2) leads to higher material costs, waste disposal costs, and energy demand for the 
CO2 capture process. Degradation products are commonly associated with corrosiveness of the solvent solution 
in the capture system [4]. Corrosion problems impact directly on the plant’s economy as it can result in 
unplanned downtime, production losses, and reduced equipment lifetime. A difficulty is the interplay between 
several effects. Making amine solutions highly concentrated decreases the energy required for solvent 
regeneration (such as discussed above, point 1), but it can cause a significant increase in corrosiveness [22]. 
There is quite some uncertainty regarding the chemical processes associated with the degradation of solvents 
and corrosion. Addition of degradation and corrosion inhibitors is being researched [4].  
 
3. Alternatives to MEA [4]: The development of better sorbents with lower regeneration energy requirement was 
identified as the highest priority R&D objective according to an expert elicitation carried out by Rao et al. [23]. 
Much research has been devoted to finding or developing solvents that are superior to MEA. Some of the ways 
in which alternatives might perform better than MEA: higher capacity for CO2 capture, lower energy for 
regeneration, high absorption/desorption rates, lower volatility and better stability, less degradation and lower 
corrosivity. Research has focused on e.g. alternative alkanolamines (e.g. [24], [25]), amino acid salts (e.g. [26]), 
sodium carbonate solutions (e.g. [27]), ammonia ([28], [29], [30]), and blended solvents (e.g. [31], [32]). 
 
Example of alternative solvent: chilled ammonia process (CAP) 
Alstom has developed a chilled ammonia process to isolate CO2 from flue gases. The CO2 capture system has the 
following main subsystems: flue gas cooling, CO2 absorption, and high-pressure regeneration. It has been claimed 
that the chilled ammonia process uses only 50% of the energy needed in the conventional MEA process [4].  
 
Advantages of the chilled ammonia process are that the heat of absorption of CO2 by ammonia is significantly 
lower than for alkanolamines – so less energy is needed for regeneration; degradation problems can be avoided; high 
CO2 purity (>99%) can be obtained; the CO2 stream that leaves the stripper is pressurised – so less energy needed 
for compression; the process is applicable both to new and existing plants; and ammonium carbonate and 
ammonium bicarbonate do not degrade during absorption-regeneration. Limitations of the chilled ammonia process 
are that ammonia volatility can be an issue; the absorption rate is slower than that of MEA and requires as much as 
three times more packing to achieve the same CO2 removal level; a higher number of absorber vessels is required - 
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increasing capital cost and affecting plant layout; large-scale process experience is limited; energy is required for 
chilling the ammonia; and flue gas desulphurization is still needed.  
 
The concept is currently being tested (by Alstom and EPRI) in a pilot plant that has been constructed at a We 
Energies power plant in Wisconsin, USA. Alstom is operating a 1.7 MW system that captures CO2 from a portion of 
coal-fired boiler flue gas at the 1224 MW plant [29]. The pilot plant is designed to capture between 15 and 18 
kilotonnes of CO2 per year. Full scale will require a 400-times scale-up. Alstom plans to install a larger 30 MW 
system to capture 100 kilotonnes of CO2 a year at American Electric Power’s 1300-MW plant in West Virginia.  
 
Powerspan is pursuing an ammonia-based CO2 capture approach that does not chill the ammonia. The company’s 
ECO2 post-combustion regenerative process will first be tested in a pilot scheduled to begin soon (end 2008) at 
FirstEnergy’s R.E. Burger Plant in Ohio. Later it will be applied to two larger (125 MW) demonstrations in Texas 
and North Dakota, both designed to capture and sequester about one million tons of CO2 annually [30]. 
 
Additional to solvent advance, improving the design of the absorption contactors will also contribute to 
decreasing energy requirements for the capture process. Absorption contactors facilitate the contact and interaction 
of the gas and liquid phases. This contact can be achieved through the use of packed columns or gas absorption 
membranes [4].  
3.1.2. Breakthrough technologies 
Longer-term research will focus on other options to capture CO2 from flue gases such as adsorption, low-
temperature distillation and membranes. Energy requirements of conventional pressure (and temperature) swing 
physical adsorption, in which CO2 binds to a solid surface (e.g. zeolites), are prohibitively large [11]. A relatively 
new concept is the use of high-temperature solid compounds, which react with CO2 to form a carbonate. In a 
different reactor, the sorbent is regenerated, producing pure CO2. Low-temperature distillation uses a freezing 
technique to capitalise on the difference between the freezing point of CO2 and the rest of the flue gas. All these 
techniques are still in the research phase. The driving force for CO2 separation using membranes depends on the 
partial pressure difference of CO2. Currently, energy requirements are large compared to chemical absorption, due to 
the low CO2 partial pressure and thus low driving force [11].  
 
Other promising projects will focus on a new class of liquid absorbents called ionic liquids for efficient post-
combustion capture of CO2 or a process that uses novel microporous metal organic frameworks having extremely 
high adsorption capacities for the removal of CO2 [7]. The USDOE also supports research in membranes and 
mineralization, including a project to create microbes that biologically sequester CO2 by converting it to chemicals 
that have use in certain drug compounds, agricultural and food production, and biodegradable plastics. 
3.2. Pre-combustion research 
Near-term applications of CO2 capture from pre-combustion systems will likely involve physical or chemical 
absorption processes, with the current state-of-the-art being a physical glycol-based solvent called Selexol or 
alternatively a chilled methanol solvent (Rectisol). Various levels of process integration are possible in order to 
decrease energy losses and/or costs.  
 
Mid-term to long-term opportunities to reduce capture costs could come from membranes and sorbents currently 
at the laboratory stage of development. Within the three-year research programme Cachet (started in 2006), an 
international consortium is developing new technologies for H2 production from natural gas, with the ultimate goal 
of halving the cost of low-carbon energy from from 50 – 60 euro per tonne CO2 to 20 – 30 euro per tonne CO2 with 
90% capture rate and CO2 delivered at pipeline pressure for disposal. Within Cachet, four pre-combustion capture 
technologies are being researched that have been identified as the most promising for conversion of natural gas to H2 
while simultaneously capturing CO2 [33]: 'Hygensys' (advanced steam methane reforming), Redox Technologies 
('One-Step Reforming', and 'Chemical Looping Reforming'), 'Hydrogen Membrane Reactors for Natural Gas 
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Reforming and Water Gas Shift' and 'Sorption-Enhanced Water Gas Shift'. All of the selected technologies are still 
in the development phase. For more information on these technologies, see [33].  
3.3. Oxy-fuel combustion research 
The most important aspect in potential cost saving for the oxy-combustion technology is the development of 
advanced O2 production. Currently, cryogenic distillation is used to produce oxygen. The auxiliary power 
consumption of a cryogenic air separation unit (ASU) is high and has a major impact on the overall efficiency of the 
power plant. There are three main areas of improvement: improvement in the current design of cryogenic oxygen 
production, integration of the heat cycle of plants fitted with oxygen-capture, and better design of basic components 
of the plants [14]. These improvements are essential to minimize the impact of the capture process on the overall 
plant efficiency [17]. Short-term development of oxy-fuel combustion will look at the improvement of these 
processes as well as validate simulation of the oxy-combustion process. Research into improving the ASU is not 
very promising, since the technology has already been in development for a long time and few significant technical 
breakthroughs are expected that would lead to a step change in costs and power consumption [15].  
 
In the medium term, the focus of the research in oxy-fuel would be in the reduction or elimination of recycled 
flue gas. The medium to long-term focus will be on the development of various breakthrough technologies for 
producing oxygen and capturing CO2 (completely different from the current conventional burners), especially 
focused on reducing the energy penalty from oxygen production [17]. There are huge potential energy savings in 
various innovative designs, for example: chemical looping technology, membrane technology, hydroxy-fuel 
combustion, and advanced zero emission power plants. These will be discussed in more detail in 3.3.1- 3.3.4.  
3.3.1. Oxygen Transport Membranes (OTM) 
There has been an important breakthrough in oxygen production technology with the development of mixed 
metallic oxide ceramic materials which have the property of diffusing pure oxygen at extremely high flux rates at 
high temperature under the influence of an oxygen partial pressure driving force. These materials are known as 
Oxygen Transport Membranes (OTM). They offer the possibility of achieving over 99% CO2 capture, 4% efficiency 
gain compared to conventional oxy-fuel process, low NOx emissions [17], and a significant reduction in the cost of 
O2 (depending on the application up to about 70% less power for oxygen compared to cryogenic ASU and up to 
about 50% less capital costs). Operation of OTM at high temperatures means that OTM systems must be optimally 
integrated with associated high temperature processes if they are to be used in the future [14].  
 
The OTM materials are at present still in the development stage. Their performance and composition is now well-
established in small cells and pilot plants [14]. Preliminary results indicate that performance is well above 
expectation. Praxair has already developed and successfully demonstrated a natural gas fueled OTM boiler [17].  
 
Two other methods of air separation which are currently in use are the polymeric membranes operating at 
atmospheric temperatures and the use of solid zeolite materials in pressure swing multi-bed absorber systems. 
Neither of these methods seems suitable for the production of very large quantities of oxygen required for oxygen 
based CO2 capture technologies [14].  
3.3.2. Chemical Looping Combustion (CLC) 
The chemical looping combustion (CLC) concept is based on the transfer of oxygen from the combustion air to 
the fuel by means of a solid oxygen carrier (such as a metal oxide), avoiding direct contact between fuel and air. It is 
an oxy-fuel concept that it still in an early phase of development [11]. The CLC system is made of two 
interconnected reactors, designated as air and fuel reactors. In the air reactor, the oxygen carrier is oxidized using 
air. In the fuel reactor, the oxygen carrier (“X”) is reduced by oxidizing the fuel through the chemical reaction: 
CH4 (CO, H2) + XO  ĺ  CO2 + H2O (CO2, H2O)+ X 
The exit gas stream from the fuel reactor contains CO2 and H2O. After cooling and water condensation, almost 
pure CO2 can be obtained with little energy lost for component separation. The reduced oxide, X, is further 
transferred into the air reactor in which it is oxidised.  
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The total amount of heat evolved over the two reactors in CLC process is the same as for normal combustion, 
where the O2 is in direct contact with the fuel. The significant advantage compared to normal combustion is that the 
CO2 is not diluted with N2. This process accordingly has the potential for a smaller energy penalty for the capture 
process, and the avoidance of external capture devices (and thus lower costs). Despite its promising outlook, CLC is 
still under development and has to overcome technical and material hurdles [34]. Another drawback of the CLC 
process is that the O2 carriers are subjected to chemical and thermal stresses and performance could deteriorate [35]. 
3.3.3. Hydroxy-fuel combustion 
Hydroxy-fuel combustion (oxy-steam combustion) could minimize or totally remove the necessity for flue gas 
recirculation. Research done at CANMET, Canada, will investigate the feasibility of hydroxy-fuel combustion as a 
variant of next generation oxy-fuel systems looking at the use of water/steam, preferably without flue gas recovery, 
to moderate the flame temperature [17]. Up to now, a prototype burner has been developed [36]. The oxy-steam 
combustion approach will be investigated as a means of moderating the boiler temperature to allow conventional 
materials to be used in the design while offering improved heat transfer. These developments may lead to smaller 
boilers and greatly reduced flue gas volume. The reduction in flue gas volumes will in turn reduce the size of the 
flue gas treatment equipment, leading to lower capital and operating costs for plants with CO2 capture.  
3.3.4. Advanced zero emissions power plant (AZEP) 
The key of the AZEP concept is substitution of the conventional combustion chamber in a gas turbine by a mixed 
conducting membrane (MCM) reactor [37], which combines oxygen production from air, fuel combustion in an N2-
free environment, and heat transfer to air by heat exchange. Compressed air enters the MCM reactor, where oxygen 
passes through the membrane and is transported to the combustion chamber. The heat of combustion is transferred 
to oxygen-depleted air, which is expanded in a conventional turbine. Steam is generated from the turbine exhaust 
and the CO2/H2O stream generated in the combustion chamber, which is then expanded in a steam turbine. The use 
of a conventional turbine is essentially the advantage of AZEP over oxy-fuel concepts using gas turbine with 
CO2/H2O as working fluid. The AZEP concept combines well with current technology, requiring minor adaptations 
in gas turbines. The process offers the potential of 100% CO2 capture, <<1 ppm NOx emissions, and a 30-50% lower 
electricity cost increase compared with conventional post-combustion CO2 capture methods [38]. There are still 
technical challenges in the MCM development. The AZEP concept is being developed by Alstom and Norsk Hydro 
and has been supported by a three-year EU funded project from 2002-2005 [39].  
4. Summary and Conclusions 
In this paper we provide a comprehensive overview of the current status and promising technologies of CO2 
capture. At present, the lead contending post-combustion technology is solvent scrubbing using amine solvents. 
However, the heat requirement for regeneration of solvents is substantial. Short-term research will focus on 
improving current absorption processes, while longer term research will focus on other options to capture CO2 from 
flue gases such as new solvents (e.g. ammonia). Current state-of-the-art pre-combustion technology is an absorption 
process using a physical solvent. Short-term research will focus on process integration, while longer term research 
will look at membranes and sorbents currently in a development stage. Oxy-fuel combustion requires a large amount 
of O2, signifying high costs and energy penalty when it is produced using current cryogenic air separation 
techniques. Short-term research will look at the improvement of cryogenic air separation. In the medium to long 
term, focus will be on various breakthrough technologies for producing O2 and capturing CO2 simultaneously, for 
instance chemical looping technology, oxygen transport membranes, and hydroxy-fuel combustion.  
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